Clostridium perfringens is an important human and animal pathogen that causes a number of diseases that vary in their etiology and severity. Differences between strains regarding toxin gene composition and toxin production partly explain why some strains cause radically different diseases than others. However, it does not provide a complete explanation. The purpose of this study was to determine if there is a phylogenetic component that explains the variance in C. perfringens strain virulence by assessing patterns of genetic polymorphism in genes (colA gyrA, plc, pfoS, and rplL) that form part of the core genome in 248 type A strains. We found that purifying selection plays a central role in shaping the patterns of nucleotide substitution and polymorphism in both housekeeping and virulence genes. In contrast, recombination was found to be a significant factor only for the virulence genes plc and colA and the housekeeping gene gyrA. Finally, we found that the strains grouped into 5 distinct evolutionary lineages that show evidence of host-adaptation and the early stages of speciation. The discovery of these previously unknown lineages and their association with distinct disease presentations carries important implications for human and veterinary clostridial disease epidemiology and provides important insights into the pathways through which virulence has evolved in C. perfringens.
Introduction
Clostridium perfringens is a spore-forming, low G+C gram-positive anaerobe that is found in soil and in the gastrointestinal tract of vertebrates (Johnson and Gerding 1997; McClane 1997) . Pathogenic strains of C. perfringens cause a variety of human and animal diseases including food poisoning, antibiotic-associated diarrhea, gas gangrene, necrotic enteritis, necrotizing colitis, sudden death syndrome and enterotoxaemia (Lindsay 1996; Songer 1996; Gibert, Jolivet-Reynaud and Popoff 1997; Meer, Songer and Park 1997; Rood 1998; Brynestad and Granum 2002; Bos et al. 2005) . C. perfringens causes this wide array of diseases as a result of being able to produce at least 15 toxins (Rood 1998; Petit, Gibert and Popoff 1999; Smedley et al. 2004 ). Many of these toxins lie on plasmids, whereas others are found in the C. perfringens chromosome.
The presence/absence of these toxins form the basis of the C. perfringens typing scheme (reviewed in Petit, Gibert and Popoff 1999) .
The illnesses caused by C. perfringens that are familiar to most persons are food poisoning and gas gangrene. Clostridial food poisoning causes abdominal discomfort and diarrhea within hours of consumption (Johnson and Gerding 1997; McClane 1997; Meer, Songer and Park 1997; Brynestad and Granum 2002) . Most persons suffering from this type of food-poisoning recover within 24-48 hours. However, if left untreated, severe dehydration or death may occur in infants, the elderly, the debilitated or the immunecompromised. Gas gangrene (also known as clostridial myonecrosis) is an extremely serious disease, requiring both antibiotic and surgical treatment (Present, Meislin and Shaffer 1990; Bryant and Stevens 1997; Bryant 2003) . It is usually acquired when wounds become exposed to soil or other environmental material. If left untreated, the disease results in extensive tissue necrosis requiring surgical intervention that often involves limb amputation; unsuccessful treatment results in systemic shock and death (Present, Meislin and Shaffer 1990; Bryant and Stevens 1997; Bryant 2003 ).
It is not well understood why C. perfringens produces illnesses that vary so greatly in severity. Clearly, the presence of certain toxins is one explanation, but it falls short in many instances. For example, strains that cause food poisoning may differ from those that cause gas gangrene only by the presence of an enterotoxin gene in the former, yet food poisoning strains have never been found to cause gas gangrene. One reason may be that the strains differ in their genetic composition and modes of gene expression. For example, the presence of the enterotoxin gene is associated with food poisoning in addition to non-foodborne antibiotic-associated diarrhea and sporadic diarrhea (AAD-SD) (Sarker, Carman and McClane 1999; Sarker, Singh and McClane 2000; Fisher et al. 2005 ). The genetic background of food poisoning strains differs from the AAD-SD strains, as revealed by the existence of the enterotoxin gene on the chromosome of food poisoning strains versus the plasmid in the case of AAD-SD strains (Collie and McClane 1998; Sarker, Carman and McClane 1999; Sarker, Singh and McClane 2000; Fisher et al. 2005) . The fact that a strain's genetic background is associated with a specific type of disease suggests that evolutionary divergence has driven the phenotypic (especially the disease-causing) differences among C. perfringens strains. The purpose of this study was to investigate this question through the analysis of genetic variability patterns across a several genes that make up the C. perfringens "core genome".
The core genome consists of the set of genes that are present in all members of a species, implying that they are required for essential cellular functions (Dykhuizen and Green 1991; Lan and Reeves 2001; Wertz et al. 2003) . Because these genes are expected to be highly conserved, the evolution of the core genome is expected to be homogeneous across all of its component genes. In this study, we assessed patterns of genetic polymorphism across both housekeeping and virulence loci. This approach allowed us to investigate whether or not the core genome evolves homogeneously or if the evolutionary processes affecting some core genes, such as housekeeping genes, are substantially different than those affecting other core genes, such as virulence genes. While virulence genes are not usually considered part of the core genome, there are exceptions. In this study, we examined two such exceptions: the plc gene, which encodes the alpha-toxin-a phospholipase C that is also a primary determinant of C. perfringens virulence (Long and Truscott 1976; Baba et al. 1992; Awad et al. 1995; Rood 1998) ; and the colA gene, which encodes the κ-toxin-a collagenase that facilitates tissue necrosis (Bryant and Stevens 1997; Rood 1998; Petit, Gibert and Popoff 1999) .
Materials and Methods
We obtained 247 C. perfringens strains isolated from various human clinical (151 strains), veterinary (46 strains) and retail food (50 strains) sources. Human clinical strains were acquired from the Loyola University Medical Center, and veterinary strains were acquired from the University of Illinois Veterinary Diagnostic Laboratory. Retail food strains were isolated at the U.S. Department of Agriculture-Agricultural Research Service (USDA-ARS), National Center for Agricultural Utilization Research from various meats (beef, chicken, pork and venison) using the method of Rhodehamel and Harmon (2001) . This method entails selective anaerobic isolation of C. perfringens colonies on tryptose-sulfite-cycloserine (TSC) agar containing egg yolk emulsion (50%) at 37ºC, in which colonies are presumed to be C. perfringens if they form a black pigment. All strains (human, veterinary and food) were verified as being C. perfringens through the use of a multiplexed polymerase chain reaction (PCR) amplification of C.
perfringens-specific toxin genes Bueschel et al. 2003) . This test was also used to classify strains into their various toxinotypes (A, B, C, D or E) (Petit et al. 1999) , which is the most common clinical system for subtyping C. perfringens pathogenic strains. All strains were found to be type A and have been deposited into the USDA-ARS Culture Collection (http://nrrl.ncaur.usda.gov) where they are available free of charge. represented virulence genes (plc and colA) and 2,364 bases represented housekeeping genes and noncoding regions. In addition, we included homologous nucleotide sequence data from the complete genome of C. perfringens strain 13 (Shimizu et al. 2002) . With this completed genome data, the total number of strains analyzed was 248.
Polymerase chain reaction (PCR) amplifications were performed with Platinum Taq DNA Polymerase High Fidelity (Invitrogen Life Technologies, Carlsbad, CA) under standard reaction conditions. The oligonucleotide primer sequences and PCR annealing temperatures are listed in Table 1 . Amplification products were purified using Montage PCR Cleanup Filter Plates (Millipore, Billerica, MA). Sequencing reactions were conducted using the ABI BigDye version 3.0 sequencing kit (Applied Biosystems, Foster City, CA) following the manufacturer's suggested protocol but at one-fourth the recommended volume. Reaction products were purified via ethanol precipitation and run on an ABI3730 genetic analyzer (Applied Biosystems, Foster City, CA). DNA sequences were edited using Sequencher version 4.1.2 (Gene Codes, Ann Arbor, MI) and added to an alignment containing the genes extracted from the published genome (strain 13). The sequences have been deposited in GenBank under the accession numbers DQ183189-DQ184423. In addition, during the course of our studies we found that the strains formed distinct groups. The taxonomic identity of these unique groups was investigated by amplifying and sequencing a fragment of the 16S ribosomal RNA (rRNA) gene using the primers and PCR protocol in Rooney et al. (2005) . The sequencing reactions were performed as described above.
Analyses of nucleotide sequence polymorphism and recombination were conducted using two computer programs. The program DnaSP 4.0 (Rozas et al. 2003) was used to calculate estimates of nucleotide diversity (π) and the number of segregating (polymorphic) sites (S). This program was also used to conduct Tajima's test for neutrality (Tajima 1989) . The significance of Tajima's test was assessed through coalescent simulation (10,000 replications) using estimated mutation and recombination rates. In addition, the degree of codon usage bias for each gene was assessed through computation of the scaled χ 2 statistic (66) using DnaSP version 4.0. Analyses of recombination were performed using the methods of Hudson and Kaplan (1985) and infer ancestral codons and then parsimony to infer subsequent changes. The second method used was the full likelihood method for detecting position selection at single amino acid sites (Nielsen and Yang 1998; Yang and Nielsen 2002; Yang, Wong and Nielsen 2005) . Under this method, a likelihood ratio test (LRT) is first used to assess the probability of positive selection. If the test is significant, the Bayes empirical Bayes (BEB) procedure is then used to calculate the posterior probability that a given codon is under positive Darwinian selection (Yang, Wong and Nielsen 2005) . Under this method, 2 models (M2a versus M1a, and/or M7a versus M8a) are compared using a likelihood ratio test to assess the probability of positive selection. If positive selection is confirmed, a BEB analysis is conducted to determine which sites are significantly influenced by positive Darwinian selection.
Phylogenetic analyses were conducted using the computer program MEGA3 (Kumar et al. 2004 ). Kimura (1980) two-parameter distances were computed and used to generate phylogenetic trees with the neighbor-joining method (Saitou and Nei 1987) .
The statistical reliability of internal branches was assessed from 1,000 bootstrap pseudoreplicates.
Results

Analysis of Genetic Variability and Recombination
The results from polymorphism analyses are summarized in Tables 2 and 3 . Most protein-coding loci (excluding non-coding flanking sequence) displayed moderate levels of polymorphism, with average π values (π ) for the entire gene or FR ranging from 0.007 to 0.051 (Table 2) . When π was examined at nonsynonymous ( N π ) and synonymous ( S π ) sites, we found that S π was greater than N π at all loci ( Table 3 ), and that the former ranged from 0.019 to 0.047 while the latter ranged from 0.001 to 0.005 (Table 3 ). In addition, we found that FRs possessed higher levels of variability than the respective coding-regions that they flanked ( (Boor, Duncan and Price 1995) and Staphylococcus aureus (Aboshkiwa, Rowland and Coleman 1995) . While we do not have experimental evidence for regulatory elements in this region of the C. perfringens genome, it is likely because the operon in which rplL is found is under intense purifying selection and is one of the most highly conserved operons in bacteria (Dabbs 1984) . In fact, relative to what was observed at other loci, we found a low number of alleles and segregating sites at both the rplL coding region and FR (Table 2) indicating that this region of the C. perfringens genome is highly constrained. A selective sweep could have potentially produced these patterns as well. However, given that this region is so highly conserved across long evolutionary time periods, the most logical explanation is strong purifying selection.
Estimates of recombination parameters are shown in Table 2 . In analyses of concatenated sequence data, results of both tests of recombination were significant, as well as when only housekeeping loci or only toxin loci were analyzed (Table 2) .
However, when individual protein-coding regions and noncoding regions were analyzed separately, the LPT was significant for plc, plc FR, colA, gyrA, and rplL FR (Table 2 ). In the preceding paragraph, we described higher levels of nucleotide variability at rplL synonymous sites in contrast to the rplL FR sites and indicated that this result is evidence for recombination in the absence of natural selection. However, the estimate of R M was 0 for both the rplL gene and FR. Although R M is an estimate of the minimum number of recombination events and not an estimate of the total number, it does suggest that the results of the LPT may be too liberal here. Given that there are only 9 and 12 alleles at the coding-region and FR, respectively, sample size may be confounding the LPT for the rplL FR.
The availability of the crystal structure for the C. perfringens α -toxin (Naylor et al. 1998 ) and the results from a number of structure-function studies (Alape-Girón et al.
2000; Jepson and Titball 2000; Walker et al. 2000; Nagahama et al. 2002; Sakurai, Nagahama and Oda 2004) allows for thorough analysis of recombination involving the plc gene. The α -toxin possesses two domains (Titball et al. 1991; Naylor et al. 1998) .
The N-terminal domain contains the active site and the C-terminal domain contains substrate-binding sites. We identified several nucleotide sites involved in recombination events (herein referred to as R M sites) using the Hudson and Kaplan method (Table 4) .
Most of these sites occur at 3 rd codon positions (Fig. 1) . It is well known that polymorphism in coding regions is higher at 3 rd codon positions (Nei 1987; Graur and Li 2000) . What was unexpected is that there were no R M site pairs that spanned both domains, indicating that plc recombination is domain-specific.
Analysis of Codon Usage Bias and Hill-Robertson Effects
C. perfringens possesses a highly A+T biased genome, displaying an average G+C content of 28.4% (Shimizu et al. 2002) . This large degree of bias is reflected in the G+C content at 3 rd codon positions (GC 3 ) and the scaled χ 2 values listed in Table 2 . In studies of eukaryotic taxa, a negative correlation has been found between the degree of codon usage bias and the strength of recombination (Kliman and Hey 1993; Comeron, Kreitman and Aguadé 1999; McVean and Charlesworth 2000) . In the case of bacteria, similar results have been found (Sharp et al. 2005) , though there are certain notable exceptions (Feil et al. 2001) . Because a high amount of codon usage bias in bacteria is believed to be the result of selection for translational efficiency (Sharp and Li 1987; Bulmer 1991) , the negative correlation between recombination and codon usage bias may be attributed to the Hill-Robertson effect in which the efficacy of natural selection is reduced in regions of low recombination (Hill and Robertson 1966; Felsentstein 1974) .
In our study, we found a significantly negative correlation between ρ and the both scaled χ 2 statistic (r = -0.97; P = 0.007) and the corrected scaled χ 2 statistic (r = -0.98; P = 0.003).
Analysis of Positive Darwinian Selection
In order to determine if any of the amino acid residues in the protein-coding regions were under positive Darwinian selection, we conducted an analysis using the SLAC and likelihood methods. There were no codons under positive Darwinian selection at the P < 0.05 level (SLAC method) for the gyrA, colA, and rplL genes.
Similarly, the likelihood ratio test (LRT) was not significant for these genes under models M1a and M2a nor models M7a and M8a. However, the pfoS and plc genes were found to be under positive selection with the SLAC and likelihood methods. In pfoS, codon 11 (Table 4 ) was found to be under positive selection at the P < 0.05 level using both SLAC and BEB methods. In addition, this site was found to be subject to recombination using the Hudson and Kaplan method. Patterns similar to what was observed at pfoS were also found for the plc gene. In this case, 3 sites (codons 19, 167 and 345) were inferred to be under selection at the P < 0.05 level (Table 3 ) using the SLAC method. Under the BEB method, only two sites (codons S-13 and 167) were found to be under positive selection at the P < 0.05 level. Except for codon 345, these codons were also found to be involved in recombination events.
Phylogenetic Analysis
We conducted phylogenetic analyses on each gene and corresponding FR separately as well as combined. We observed that strain relationships differed between loci, which is not surprising in light of the moderate to high levels of recombination detected (Table 2) . Because recombination will confound attempts to reconstruct the phylogenetic relationships among strains (Schierup and Hein 2000; Worobey 2001 ), a better way to assess clustering patterns is to compare trees reconstructed from loci that display statistically significant evidence of recombination ( Fig. 2 ) versus trees reconstructed from loci that do not (Fig. 3) . Indeed, we observed that the tree in figure 2 showed 173 unique haplotypes while the tree in figure 3 had only 72 unique haplotypes.
This disparity is consistent with recombination causing a higher level of variability rather than clonality, though it also should be kept in mind that the tree in figure 2 was based on 3,551 base pairs whereas the tree in figure 3 was based on 1,128 base pairs. More importantly, although the two trees were different, there was a considerable amount of congruence between loci concerning the formation of 5 distinct strain groups (Figs. 2 and 3). Because of this consistency and the fact that non-recombining loci should better reflect the true phylogenetic relationships between strains than loci subject to recombination, we herein focus on the tree reconstructed from the former (Fig. 3) .
Interestingly, the 5 major groups shown in Figure 3 are also separable on the basis of their disease pathology/ecology and, therefore, represent ecologically diversified lineages. Lineage I is the largest, with over 93% of all strains in our sample, and is the most diverse, possessing strains that are found in all sources sampled. Both pathogenic and non-pathogenic strains fall within this lineage. The former include various gangrene strains of human and animal origin, human nosocomial strains, human antibiotic-associated diarrhea strains and bovine hemorrhagic enteritis strains that also possess the β 2 toxin. Lineage II consists of strains isolated from peritoneal abscesses or septicemic blood of humans. Lineage III consists of strains isolated from cases of bovine and equine hemorrhagic enteritis. These strains differ from the lineage I isolates that cause bovine hemorrhagic enteritis in that they do not possess the β 2-toxin. Lineage IV consists of a lamb enterotoxaemia isolate. And, lineage V is comprised of human foodborne GI disease isolates. When we examined the level of 16S rRNA gene sequence divergence between representatives of each lineage, we found that they all displayed greater than 99% sequence similarity between each other, suggesting that the lineages have not diverged enough to be considered unique species. However, because they show evidence of ecological specialization, they appear to be in the early stages of speciation.
Discussion
Evolution of the Core Genome
Over the last several years a number of studies on genetic variability of bacterial pathogens have been conducted using an approach known as "multi-locus sequence typing" (MLST) (Maiden et al. 1998) , in which short gene fragments of approximately 300-500 bp are amplified and sequenced from 7 loci spread across the genome (Maiden et al. 1998; Urwin and Maiden 2003; Feil and Enright 2004) . In addition to their public health importance, these studies have offered a wealth of opportunities to investigate the mechanisms that influence bacterial evolution. In fact, because MLST studies focus on housekeeping genes, they provide an assessment of which mechanisms have the most impact on the evolution of the core genome, which consists of the set of genes that are present in all members of a species and, therefore, presumably required for its long-term evolutionary survival (Dykhuizen and Green 1991; Reeves 2000, 2001; Wertz et al. 2003 ). Without doubt, MLST studies have reinforced the importance of recombination in the evolution of most bacterial genomes. However, is it reasonable to expect that all genes in the core genome will evolve in the same manner? Or put another way, will the effects of the evolutionary processes influencing the core genome be homogeneous across all of its components? To answer this question, we compared patterns of genetic variability between two different toxin genes and representative housekeeping genes.
The plc and colA toxin genes were found to undergo similar modes of evolution in which purifying selection and recombination were identified as the processes leaving the strongest imprint on genetic variability. While there was some difference in the amount of recombination between plc and colA, as shown by a greater ρ /θ ratio in the latter (4.443) than in the former (3.26) ( Table 2) , this difference is minor considering difference in the ability between the α -toxin and κ -toxin to cause infection. On this alone, we expected substantially different patterns of variability between plc and colA. This result (or lack thereof), was unexpected. If one subscribes to the homogeneous core genome hypothesis, a possible explanation is that plc and colA are influenced by similar patterns of evolution because both are members of the core genome. Yet, if this were true, it would stand in direct conflict with the fact that pfoS and rplL, which are both housekeeping genes and members of the core genome, are not significantly influenced by recombination ( Table 2 ). As such, our study indicates that the evolution of the core genome is not homogeneous, which raises another issue. Why do some core genes undergo high levels of recombination whereas others do not?
Unfortunately, there is no easy answer for this question, though there are two possibilities. First, recombination may be constrained to parts of the genome which contain the proper signals and binding sites (among other features) for the process to occur. Thus, the reason why some genes undergo higher levels of recombination is that they are located in a region of the genome amenable for recombination, whereas other genes may not be. A second explanation for why some genes undergo higher levels of recombination is because it is selectively advantageous (Felsenstein 1974) . In this study, the majority of the recombinant sites that we detected in genes occurred at third codon positions (Table 3 ; Fig. 1 ). Since changes at third codon positions are predominantly silent, the large number of recombinant sites at these positions suggests that any selective advantage of recombination is probably slight, at best. If recombination involved nonsynonymous sites, the argument for its selective advantage would be stronger.
However, detecting selection in the presence of recombination poses considerable methodological problems (Anisimova, Nielsen and Yang 2003; Shriner et al. 2003) . For example, in the case of plc, certain amino acids were inferred to be under positive Darwinian selection, but these codons were also involved in recombination events (Table   3) . There was one possible exception in the plc gene (Table 3) , but the amino acid site is not functionally important and was only shown to be under positive selection using the SLAC method, but not the BEB method. In summary, the above results cast doubt on the idea of a strong selective advantage of recombination at the level of the individual gene.
However, it should be pointed out that because polymorphism is much higher at third positions than at second positions, it is reasonable to expect that recombination would be easier to detect at the former than the latter, particularly since the latter is on the low side.
Therefore, we cannot be completely rule out that there is not a selective advantage to recombination at the level of the individual gene.
Nonetheless, recombination can provide the genome with a means with which to buffer against the accumulation of slightly deleterious mutations (i.e., Muller's ratchet) (Muller 1964; Felsenstein 1974) and to bolster the efficacy of natural selection (i.e., the Hill-Robertson effect) (Hill and Robertson 1966; Felsenstein 1974) . When looking at each gene individually, the importance of slightly deleterious mutations may seem trivial, particularly over short-term evolutionary time. However, if examined on a genome-wide scale over long-term evolutionary time, recombination has clear selective advantages.
For example, if the frequency of slightly deleterious mutations per gene in our dataset is calculated following Tajima (1989) , the average is 0.207 per gene, which is quite low.
Yet, when considering that the C. perfringens genome contains 2,660 predicted genes (Shimizu et al. 2002) , a more substantial number of slightly deleterious mutations (551) across the entire genome may be extrapolated. Consequently, recombination clearly imparts a selective advantage at the genome level, which explains why it is so prevalent in the genomes of many bacterial species.
Phylogenetic History, Lineage Formation, and Disease Presentation
It has been suggested that recombination serves as a cohesive force that prevents strain divergence, thereby maintaining the "integrity" of a species (Cohan 2002a,b) . In this study, we found that C. perfringens is comprised of five strain groups that are associated with certain disease pathologies. The existence of these evolutionary lineages suggests that recombination has become less frequent between them; otherwise such clear delineations would not be evident. Interestingly, the lineages are associated with certain disease pathologies (e.g, lineage V and foodborne GI illness), suggesting an ecological separation. Certainly, if these lineages exist in distinct ecological niches, they would find fewer opportunities to recombine, which may also indicate that the lineages are in the early stages of speciation. For example, lineages IV and V both contain GI disease isolates associated with food. Lineage IV is associated with lamb enterotoxaemia (a disease in which GI illness results from overeating during periods of high temperatures), while lineage V is associated with human food poisoning. These two lineages are closely related (both cluster with 99% bootstrap support; Fig. 3 ), but have apparently diverged as a result of adaptation to different hosts, and hence, ecological niches. The same is true for the other lineages, with the exception of lineage I. This lineage is highly diverse and is composed of non-pathogenic strains isolated from food as well as various gangrenous strains, human antibiotic-associated diarrhea strains, and human nosocomial strains.
Considering that this lineage is the most "ecologically" diverse, it is probably the ancestral lineage from which the others are derived.
The fact that C. perfringens possesses five distinct evolutionary lineages is interesting not only from the perspective of speciation studies but also from a practical standpoint. Characterizing disease isolates according to their lineage would enhance public health efforts aimed at monitoring, tracking and controlling sources of infection and outbreak in C. perfringens as well as in other bacteria, such as Listeria monocytogenes (Ward et al. 2004) . Determining the frequency with which each lineage is associated with disease outbreaks would identify lineages prone to epidemic spread versus those that are not. Thus, the accuracy and precision of public health monitoring, tracking and control efforts would be greatly improved through the identification of the specific lineages of C. perfringens. Moreover, characterizing the evolutionary lineages that comprise bacterial species in terms of their phylogeny and virulence will reveal how virulence evolves, including the pathways by which strains acquire pathogenicity to humans or other organisms.
For example, C. perfringens-induced GI disease in humans can be either foodborne or non-foodborne, in which the latter is sporadic or antibiotic-associated in nature. The foodborne illness form generally lasts 24-48 hours and is caused by strains carrying a chromosomal enterotoxin gene, whereas the non-foodborne illness form is caused by strains carrying an episomal (plasmid-borne) enterotoxin gene and lasts 1-2 weeks with more pronounced disease symptoms (abdominal cramping and diarrhea) (McClane 1996 (McClane , 1997 Carman 1997; Johnson and Gerding 1997) . The chromosomal and episomal enterotoxin genes are not separable on the basis of their nucleotide or protein sequences, suggesting that the genes in the chromosome and plasmid either (1) frequently interchange or if not (2) they have only recently diverged. One wonders how this duality between chromosomal versus episomal enterotoxin genes has evolved to result in different pathologies. In our study, we examined 3 strains involved in antibioticassociated or sporadic diarrhea (AAD-SD): all were found in lineage I and all contained episomal enterotoxin genes. In contrast, all human food poisoning strains were chromosomal enterotoxin-bearing and part of lineage V, which is limited to the food environment (specifically meat derived from farm animals). Our data suggest that the reason for the duality between the foodborne and AAD-SD GI illnesses caused by C.
perfringens is because the strains causing those respective diseases represent distinct evolutionary lineages. This indicates that there is a link between the type of disease produced by a strain and its particular lineage or genetic background.
A recent study (Fisher et al. 2005) found that the episomal enterotoxin gene and the β2-toxin gene occur on the same plasmid in cases of C. perfringens-induced AAD-SD, and that the β2-toxin is an accessory toxin in these cases. In animals, the β2-toxin causes a severe, often fatal form of hemorrhagic enteritis (Gibert et al. 1997; Manteca et al. 2002) . In our study, we found that hemorrhagic enteritis in cattle can be cause by both lineage III strains and certain lineage I strains, but the β2-toxin occurs only among lineage I strains. We suggest that the plasmid containing the enterotoxin and the β2-toxin gene is derived from an animal adapted lineage. Most likely, it is lineage IV, which we found to harbor both chromosomal and episomal enterotoxin genes. We predict that the plasmid containing the enterotoxin gene evolved first in this lineage and was subsequently transferred to lineage I where it transformed non-pathogenic strains into pathogenic ones via the presence of this plasmid. The reason why AAD-SD disease results when these strains are introduced into the human GI tract is because the original genetic background of the plasmid may have been an animal-adapted lineage (probably lineage IV). However, due to unknown human-specific factors, the toxin genes on the plasmid induce a much more severe form of disease in ruminants than in humans.
Likewise, lineage V may be an animal-adapted lineage that induces disease symptoms (food poisoning) when introduced into the human GI tract, but not in animals. The presence of the chromosomal gene and the sister-group relationship to lineage V (Fig. 3) suggests that lineage IV also gave rise to this lineage.
Our study's finding of a link between a strain's lineage and the type of disease caused by it provides an important insight into the etiology and pathogenesis of the different illnesses caused by C. perfringens. In fact, our finding of a lineage-specific plasmid distribution is further evidence of a barrier to genetic exchange between lineages.
As such, our study has important ramifications for C. perfringens disease source-tracking, surveillance and risk assessment. For example, AAD-SD is presumed to be a nonfoodborne GI illness. But do cattle that harbor lineage 1 strains with an episomal enterotoxin gene sometimes get sent to slaughter and become the source of meats that are eventually consumed by the public? The answer to that question might explain the erratic incidence of human AAD-SD. More importantly, the results of our study call for the development of potential intervention strategies and therapies based on targeting the individual lineage responsible for a specific disease, as opposed to the development of a "shotgun" approach aimed at the entire suite of C. perfringens diversity.
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Figure Legends
1. Frequency of recombinant sites identified at each codon position among all protein-coding loci analyzed in this study.
2. Phylogeny of C. perfringens strains reconstructed from loci subject to statistically significant levels of recombination (Table 2) 
